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Introduction
When ultra high strength steels fracture by the growth and coalescence of voids nucleated at second phase particles, the voids are usually nucleated first at inclusions which are normally sulfide and oxide particles. One can consider the microstructure of steels to consist of inclusions distributed through a fine scale microstructure which is largely defined by composition and heat treatment. The fine scale microstructure has some inherent toughness, and inclusions incorporated in the microstructure result in a toughness less than this inherent toughness. A fundamental goal of past work has been to investigate how inclusion distributions can be best controlled in order to minimize their effect on toughness and to allow the material to achieve toughnesses as close to the inherent toughness of the fine scale microstructure as possible.
The approach taken to minimizing the detrimental effect of in'.Jusions on toughness has been to 1. Develop methods of producing inclusion distributions which vary in inclusion spacing, volume fraction and resistance to void nucleation.
Investigate how changing inclusion distributions influences fracture toughness as
a function of fine scale microstructure.
3. Develop from these experiments and studies of the fracture process an understanding of how variables used to characterize inclusion distributions and fine scale microstructures combine to determine fracture toughness. The work done over the past three years relevant on improving toughness by controlling inclusion distributions is summarized. This work has focused on the effect of fine scale microstructure and inclusion distributions on blunting behavior, the effects of inclusion spacing at constant inclusion volume fraction and fixed fine scale microstructure on toughness, and the effect of making inclusions more resistant to void nucleation on toughness as a function of fine scale microstructure. One important result of this work is that for many fine scale microstructures an effective approach to minimizing the detrimental effect of inclusions on toughness has been to getter sulfur as particles of Ti 2 CS rather than as particles of MnS, CrS or La 2 0 2 S. The degree to which toughness can be improved by gettering sulfur as Ti 2 CS is illustrated in 
Fracture Toughness, Microstructure and Ductile Fracture
Three measures of fracture initiation toughness are the plane strain fracture toughness, Kic [3] , the crack tip opening displacement (8) at fracture (Sic) [4] and the Jintegral at fracture (Jlc) [5] . The three parameters are related:
where E is Young's modulus, v is Poisson's ratio and dn is a function of the yield strain, the work hardening exponent n and whether plane stress or plane strain conditions are encountered [6] ; typically dn is about 0.5. The toughness of a steel is determined not only by the volume fraction [7] , spacing [2, 8] and void nucleation characteristics [1, 9] of the inclusions but other microstructural features as well. In our studies of fracture initiation, when fracture is by the coalescence of voids nucleated at second phase particles, the following microstructural definitions have been adopted. Here, microstructure is separated into two categories: primary particles and fine scale microstructure. The primary particles are the particles which first nucleate voids during the fracture process; in steels the primary particles are typically sulfides and oxides. The fine scale microstructure is everything except the the primary particles and consists of the secondary particles and other microstructural features. Secondary particles are particles which nucleate voids late (if at all) in the fracture process. They can directly influence the fracture process if they nucleate voids and can indirectly influence the fracture process by either influencing grain size (carbides/nitrides inherited from the austenitizing temperature in steels) or by influencing the flow properties if present at sufficiently high volume fractions, as is typically achieved when particles are precipitated during tempering. Other microstructural features of possible importance in the fracture process include grain size and dislocation density and structure. These microstructural features can influence toughness and they appear to do so in a highly complex way. For example, primary particles can influence toughness through their spacing, but the effects of primary particle spacing may depend critically on the grain size of the material.
Approach: Microstructure and Fracture Toughness
As fracture initiation toughness is influenced by both the inclusion distributions and the fine scale microstructure, the goal has been to systematically vary inclusion particle spacing, void nucleation resistance of inclusions and fine scale microstructure, and to 
Quantifying Fine Scale Microstructures
The fine scale microstructure has been typically quantified by determining prior austenite grain size, the type, volume fraction and size distribution of secondary particles, and by measuring the plane strain tensile ductility (Fig. 2 ) in addition to the usual smooth axisymmetric tensile properties.
The plane strain tensile ductility has been emphasized in this work for two reasons.
First, at least at high strength levels, the plane strain tensile ductility depends only on the fine scale microstructure and is a measure of the inherent ductility, the ductility of the fine scale microstructure if all inclusions were removed from the microstructure [ 12] . Second, the strain state is similar to that expected at the crack tip. Thus, the plane strain tensile ductility would appear to be a measure of the inherent ductility of the fine scale microstructure appropriate to fracture initiation.
Studying Fracture Processes
The fracture process has been examined by cross-sectioning JIc specimens strained to different J levels but not fractured; this work led to the conclusion that blunting to vertices, not smooth blunting, is exhibited by many microstructures and that blunting behavior has enormous consequences in terms of fracture initiation toughness and it would be inappropriate to compare results for different materials unless the blunting behaviors are known [13, 14] . Finally, SEM micrographs and extraction replicas of fracture surfaces examined in TEM have been used to determine the inclusions and secondary particles actually involved in the fracture process.
Summary of Results
In this section work carried out for the past three years on investigating microstructural effects on toughness and the fracture process are summarized. First the steels that were selected for study will be described. The topics then addressed are (a) effect of fine scale microstructre and inclusion distributions on blunting behavior, (b) the role of inclusion spacing at constant inclusion volume fraction on fracture toughness of three fine scale microstructures for HY180 steel, (c) effect of gettering sulfur as Ti 2 CS on the fracture toughness of three fine scale microstructures of HY180 steel, (d) morphology of Ti 2 CS particles, (e) effect of gettering sulfur as Ti2CS on the fracture toughness of AF1410 steel tempered at 510 0 C, and (f) conclusions regarding improving toughness by gettering sulfur as Ti2CS.
Steels Selected for Study
The two steels selected for study were HY180 and AF1410. HY180 was selected because it was in an old commercial heat of HY 180 steel that the benefits of gettering sulfur as Ti 2 CS was first observed and it was preferred to not change materials [15] . AF1410 was used because it has a higher yield strength than HY180, but is very similar in terms of composition and microstructure. HY180 steel has a nominal composition (in wt.%) of 0.lOC/lONiJ8Co/2Cr/lMo and AF1410 has a nominal composition (in wt.%) of 0.16C/lONi/l4Co/2Cr/lMo. Both steels are austenitized, quenched to room temperature and then tempered. In the asquenched condition both steels have a lath martensite structure with interlath films of retained austenite; on tempering at 425'C only Fe3C is observed to precipitate within the laths for both steels, while, after tempering at 510TC, only fine needles of (Mo,Cr)2C are precipitated within the laths [16, 17] . Typical behavior as a function of tempering temperature is depicted in Fig. 3 for HY180 and AF1410. The fracture behavior for these two steels has typically been assessed for the as-quenched microstructure, the tempered at 425°C and the tempered at 510°C microstructures for three different inclusion distributions based on gettering sulfur as MnS, La2O2S or Ti2CS. The as-quenched microstructure was used because smooth blunting had been observed only for as-quenched microstructures.
The 425C microstructure was used because it has the minimum toughness and the 510 0 C microstructure was used because this structure has the optimum combination of strength and toughness. 
Effects of Fine Scale Microstructure and Inclusion Distributions on
Blunting Behavior McClintock [18] pointed out that the initially sharp fatigue crack introduced in specimens used to measure Kic and Jic could, in principle, blunt to a variety of shapes, including two and three comer (vertices) geometries and the smooth, semi-circular shape normally assumed; these blunting geometries are illustrated in Fig. 4 . McMeeking,[ 19,201 on the basis of calculations of the growth of voids directly ahead of the crack tip, suggested blunting to vertices might be associated with higher toughness than smooth blunting.
Cross sections of strained but not fractured compact tension JIc specimens have been examined for a number of fine scale microstructures containing different inclusion distributions. Blunting behavior does not appear to be influenced by changes in inclusion distributiQns and thus appears to be determined only by the fine scale microstructure; smooth blunting has been observed only when the work hardening exponent is high (n >Ž0.16) [13, 141 . The effects of fine-scale microstructure on toughness are summarized in Fig. 5 . For fixed inclusion volume fraction and spacing (in Fig. 5 only small inclusion spacings are considered), toughness increases rapidly with plane strain ductility for a given blunting behavior. In addition, the data suggest that for a given inclusion distribution and given level of constrained ductility, microstructures which blunt to vertices can have considerably higher toughnesses than microstructures which blunt smoothly.
The three conditions examined for HY180 and AF1410, the as-quenched, tempered at 425*C, and tempered at 5 10'C microstructures, blunted to vertices and this blunting behavior was not influenced by changing inclusion distributions. Surprisingly, even the as-quenched microstructures blunted to vertices, even though the as-quenched work hardening exponents (n = 0.1 1) were higher than for the tempered at 425 0 C and 5 10 0 C microstructures [101.
Effect of Inclusion Spacing on Toughness
Here three topics are considered. First are summarized the results of experiments in which the inclusion spacing is varied at constant inclusion volume fraction for three microstructures of HY180 steel. Second, results are summarized which indicate grain size has a very potent effect on toughness when the inclusions are small and closely spaced, but not when they are large and widely spat -d. In addition, the possibly critical role of oxides when the sulfur is gettered as Ti 2 CS is discussed. where Ro is the average inclusion radius and f is the inclusion volume fraction. This approach predicts Sic = XoF(f) and that at fixed volume fraction 8ic will increase linearly with increasing X 0 and that SIC/Xo = F(f) where for relatively clean materials F(f) =_ 2. Previous results were not consistent with those predictions.
Previous results are shown in Fig. 6 where 81c is plotted as a function of X 0 at constant f for AF1410 steel aged at 425°C and 510TC where the small spacings are associated with CrS and the two larger spacings are obtained by gettering the sulfur as La202S. First, SIc tends to increase with Xo and then appears to approach some limiting value as Xo increases. Thus, once Xo exceeds some characteristic value, it appears 8ic becomes independent of X 0 . These microstructures blunt to vertices and we have no similar data for microstructures which blunt smoothly, but suspect similar behavior would be observed. Second, as shown in Table 1 , values of Bic/Xo are much larger than predicted for Rice and Johnson even for small particle spacings; for smooth blunting these values are as high as 18 compared to the result of about 2 predicted by Rice and Johnson, which is often regarded to be an upper bound.
The effect of inclusion spacing at constant inclusion volume fraction on toughness has been explored as a function of fine scale microstructure for HY180 steel [10] . The goals were (a) to determine the effect of inclusion spacing on toughness, (b) to determine if gettering sulfur as La2O2S was as effective in improving the toughness of HY180 as it was in improving the toughness of AF1410.
The compositions, inclusion characteristics, carbides inherited from the austenitizing temperature and prior austenite grain sizes and mechanical properties of the two heats are summarized in Tables 2, 3 , 4 and 5 respectively. Heat 1 contains MnS and heat 2 contains La202S. As shown in Table 3 the La modified heat has X 0 = 7.5 gm compared to 2.4 gim for the MnS heat.
The data show that the lanthanum modified heat has better toughness than heat 1 (MnS) for the three microstructures considered. Based on previous work it was anticipated this improvement in toughness is due to the increased inclusion spacing. The void nucleation results indicate that the inclusions in the lanthanum modified heat are not more resistant to void nucleation than the inclusions in the MnS sulfide heat (Fig. 7b) . In addition, the two heats have almost the same prior austenite grain sizes and very similar dispersions of carbides inherited from the austenitizing temperature in terms of types, sizes and volume fractions (Table 4) . Also, the two heats have almost the same plane strain tensile ductility and work hardening exponent for the as-quenched microstructure; this is also the case for the tempered at 425*C microstructure. Finally, while the inclusion volume fraction appears smaller for heat I than for heat 2, the improvements in toughness cannot be attributed to differences in inclusion volume fraction, as the dependence of 81 on inclusion volume fraction, f, is fairly weak and 81C scales as f-1 1 3 . Therefore it seems reasonable to conclude for these two microstructures that the improvements in toughness associated with the lanthanum additions are due to the increase in inclusion spacing. However, this conclusion is more difficult to make for the tempered at 510'C microstructure. The plane strain tensile ductility is about the same for heat I (MnS) and heat 2 (La202S) for the as-quenched microstructure and after tempering at 425'C, but not after tempering at 510TC. On tempering at 5101C the plane strain tensile ductility of heat 2 (La202S) is much higher than expected; a value of 0.36 to 0.37 would have been expected, but a value of 0.44 was obtained. If this rather high value is correct, then, given that our results indicate (everything else being equal) that toughness increases rapidly with increasing plane strain tensile ductility, it would not be appropriate to conclude the improved toughness of the lanthanum modified heat tempered at 5 10'C is due primarily to the increase in inclusion spacing.
The results indicate that gettering sulfur as La 2 0 2 S results in better toughness than when the sulfur is gettered as MnS. Moreover, while the improvement in toughness can be attributed to increased inclusion spacing for the as-quenched and tempered at 425'C microstructures, the toughness does not increase linearly with X0.
4.3.b. Grain Size Effects
Based on studies of the effects of austenitizing temperature it was hypothesized that grain size would have a significant effect on toughness for only small inclusion spacings. This hypothesis has been tested by utilizing three heats of a 0.07C/9Ni steel. two heats containing MnS and one heat containing La202S [21 ] . The compositions and inclusion characteristics of the three heats are summarized in Tables 6 and 7 respectively.
As shown in Fig. 8 the Charpy impact energies of the MnS heats are remarkably sensitive to grain size, while the Charpy impact energy of the La modified heat containing large. widely spaced inclusions is not. As the Ti 2 CS inclusions to be discussed are typically quite small, grain size should be important in achieving the maximum toughness for steels in which sulfur is gettered as Ti2CS.
4.3.c. Role of Oxide Volume Fraction and Spacing on Toughness
As the oxides in these HY 180 heats appear no more resistant to void nucleation than MnS [Il], it seems reasonable, from the standpoint of fracture, to consider the sulfides and oxides as one particle distribution. However, when the sulfides are Ti 2 CS the sulfides and oxides are very different from the standpoint of void nucleation and the oxides should be the "weak link" in the fracture process. The effect of particle spacing on toughness suggests that if the oxides are small and closely spaced then the oxides, even if present at small volume fraction, could dominate the fracture process even if the sulfur is gettered as Ti-_CS. Therefore, to take full advantage of gettering the sulfur as Ti 2 CS it is necessary v, achieve widely spaced oxides at a low volume fraction.
•tlect of Making Sulfides More Resistant to Void Nucleation
The goals of this work were to investigate conditions required to getter sulfur as Ti 2 CS and the effects of gettering sulfur as Ti 2 CS on fracture toughness as a function of fine scale microstructure at constant strength level and as a function of the strength of the fine scale microstructure[1,10].
4.4.a. Effect of Gettering Sulfur as Ti 2 CS on the Toughness of HY180 Steel
Two heats of HY180 steel, referred to here as hc.t 3 and heat 4, were melted without deliberate additions of manganese or of lanthanum, but with additions of 0.02 and 0.012 wt.% titanium respectively. The compositions of these heats are given in Table 2 . The inclusion characteristics are listed in Table 3 and prior austenite grain sizes and the types, volume fractions and average sizes of the carbides inherited from the austenitizing temperature are given in Table 4 .
The mechanical properties of these heats are compared to those of the heats containing MnS (heat 1) and La202S (heat 2) for the as-quenched condition and after tempering at 425°C and 510'C in Table 5 . For all three microstructure the toughnesses are significantly higher when the sulfur is gettered as Ti 2 CS. The improvement% ;n toughness associated with gettering the sulfur as only alter the sulfide type, but are also associated with a smaller grain size, a change in the types of carbides inherited from the austenitizing temperature, a reduction in the size of these carbides, and, at the higher titanium level, an increase in the volume fraction of these II carbides (Table 4) . Because of these changes in carbide type from M2 3 C 6 and M 2 C to MC and M2C, as well as refinement in carbide size and grain size, the plane strain tensile ductility of the 0.02 wt.% titanium heat is the same as that of the MnS heat, even though the carbide volume fraction of the 0.02 wt.% titanium heat is higher than the carbide volume fraction of the MnS heat, and the plane 3train tensile ductility of the 0.012 wt.% titanium heat is higher than that of the MnS heat. 4.4.a.3. Titanium additions only slightly modify oxide dispersions: The oxides in heats 3 and 4 arz not substantially different from the oxides in the MnS heat (heat 1). The oxides in these three heats have an average radius of about 0.5 4.tm and contain
Mg, Al and Ti, where the relative amounts of these elements vary from particle to particle; the oxides in the titanium modified heats tend to contain more titanium than the oxides in the MnS heat. 4.4.a.4. The improved toughnesses associated with gettering the sulfur as Ti 2 CS is due to the improved resistance of these particles to void nucleation: The improved toughness of the titanium modified heats is attributed to the Ti 2 CS particles being more resistant to void nucleation than particles of the other sulfide types. This is most easily demonstrated by comparing heat 1 (MnS) and heat 3 (0.02 wt.% Ti). For a given tempering condition these two heats have similar strength levels, work hardening behavior and plane strain tensile ductility. The inclusion volume fractions are very similar in both heats. Therefore, the critical difference between the two heats is the improved resistance to void nucleation of the particles in the Ti 2 CS heat; this improved resistance to void nucleation is demonstrated in Figs. 7a and 7b for the as-quenched and tempered at 510 0 C microstructures respectively.
4.4.a.5. Gettering sulfur as Ti 2 CS is most effective after tempering at 510'C: While the heats in which the sulfur is gettered as Ti2CS have the highest toughness for all three microstructures, gettering the sulfur as Ti 2 CS is most effective after tempering at 510TC. The ratio 8 IC (Ti 2 CS; 0.02 wt.%Ti)/SIc(La202S) is 1.89 after tempering at 510TC, 1.28 for the as-quenched microstructure and 1.66 after tempering at 425'C. These differences may be due to differences in void nucleation at the Ti 2 CS particles. The void generation results in Fig. 7c suggest voids are nucleated at the Ti 2 CS particles at lower strains in the as-quenched structure than in the tempered at 510'C microstructure. Possibly the lower void nucleation strain for the as-quenched microstructure is due to the higher work hardening capacity of the as-quenched microstructure. 4.4.a.6. When sulfur is gettered as Ti 2 CS titanium additions of 0.01 wt% or less should be used: The 0.012 wt.% titanium typically has a higher plane strain ductility than the 0.02 wt.% titanium heat, apparently because the volume fraction of carbides inherited from the austenitizing temperature is higher for the 0.02 wt.% titanium heat than for the 0.012 wt.% titanium heat. As the results in Fig. 5 imply a strong effect of plane strain ductility on toughness, it is believed the titanium additions should be 0.01 wt% and possibly less. 4.4.a.7. Role of oxides in determining toughness of titanium modified steels: Fracture surfaces of heat 1 (MnS) and heat 3 (0.02 wt.% Ti) are shown in Fig. 9 . Oxides are visible in the larger voids on fracture surfaces of heat 3 (0.02 wt.% Ti) and are involved in the fracture process in the heats containing Ti 2 CS; it is believed the excellent toughnesses of these heats are due in part to their low oxygen levels and the relatively large spacing of oxide particles.
4.4.b. Morphologies of Ti 2 CS Particles
The Ti 2 CS particles in our experimental Ti 2 CS heats were typically thin plates, although the sizes varied. Only the larger plates could be seen on fracture surfaces using the scanning electron microscope and, as shown in Fig. 10a , these particles had typically fractured. Based on observations of extraction replicas about 20% of the Ti2CS particles on the fracture surface were these large fractured plates. Also seen on these extraction replicas were Ti 2 CS particles which had not fractured, and the sizes of these particles ranged from that shown in Fig. 10b to diameters in the plane of the plates as small as 500A.
4.4.c. Extension to Higher Strength Levels Using AFI410 Steel
As discussed earlier, the steel selected to test the extent to which gettering sulfur as Ti 2 CS improved toughness at high strength levels was AF1410. In Tables 8 and 9 are compared the respective chemistries and the mechanical properties of heats of AF 1410 steel in which the sulfur is gettered as MnS (heat Al), CrS (heat A2), La202S (heat A3) and Ti 2 CS (heat A4) [10, 221 . Again the inclusions in the heats containing MnS and CrS are much smaller than the heats containing the La2O2S and they have lower toughness than the La202S heat. The Ti 2 CS particles in heat A4, as was the case for HY 180 steel, form as plates and are typically quite small, although large fractured plates are commonly observed on the fracture surface. The fracture toughness of the Ti 2 CS heat of AF1410 was 341
MPa 4Iui compared to 199MPa -Fm for the La2O2S heat.
The toughness of AFI410 steel is strongly dependent on prior austenite grain size when the sulfur is gettered as Ti2CS. When the final austenitizing temperature is increased from 823*C to 1000*C the Charpy impact toughness of AF1410 tempered at 510'C actually increases when the sulfur is gettered as La202S, hut decreases by a factor of two when the sulfur is gettered as Ti 2 CS [22] .
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The temperature at which Ti2CS dissolves in AF1410 steel is about 1250 0 C. This suggests the Ti 2 CS particles are very stable and will precipitate from the austenite at high temperatures, even at the low titanium content of this alloy (heatA4).
Conclusions

4.5.a Conclusions Regarding the Effect of Gettering Sulfur as Ti 2 CS on
the Toughness of Ultra High Strength Steels About the effect of gettering sulfur as Ti 2 CS on the fracture toughness of ultra high strength steels the following conclusions seem justified at this point:
1. Gettering sulfur as Ti 2 CS is much more effective in improving toughness than gettering sulfur as MnS or La2O2S 2. Improvements in toughness due to gettering sulfur as Ti 2 CS are primarily due to the particles of Ti 2 CS being more resistant to void nucleation than particles of MnS or La202S. 3. The degree to which gettering sulfur as Ti 2 CS improves toughness can depend on the fine scale microstructure, even at relatively constant strength levels. 4. The titanium content of 0.012 wt.% which was sufficient to getter the sulfur as Ti 2 CS in the alloys investigated also alters the type and size of the carbides inherited from the austenitizing temperature. These changes in carbides result in improved plane strain ductility, which also helps promote increased toughness. 5. The amount of the titanium addition can influence the volume fraction of carbides inherited from the austenitizing temperatures. Titanium additions of 0.02 wL% resulted in more undissolved carbides than 0.012 wL% titanium.
6. Oxides in the MnS and Ti 2 CS heats of HY180 and AF1410 are essentially the same. As oxide particles found in these materials appear no more resistant to void nucleation than MnS particles, the oxides become the weak link in the fracture process. 7. The Ti 2 CS particles in the experimental HY180 and AF1410 heats form as thin plates, having a broad range of sizes. The larger particles are sheets about 1-2 mim in extent and on fracture surface replicas these larger particles have shattered. 8. The Ti 2 CS particles in the Ti2CS heat of AF1410 did not dissolve until 1250'C.
This suggests the particles are quite stable, will not dissolve at ordinary forging temperatures.
4.5.b Other conclusions
1. Blunting behavior is apparently insensitive to inclusion distributions and is determined by fine scale microstructure. 2. Blunting to vertices is associated with higher fracture toughness than smooth blunting provided the materials blunting to vertices and smooth blunting are characterized by the same plane strain tensile ductility and identical inclusion distributions. 3. Austenite grain size is not critical to toughness when the inclusions are large and widely spaced, but can be when the inclusions are small and closely spaced. This effect is quite strong when the sulfides are Ti2CS. 4. Gettering sulfur as La20 2 S rather than MnS improves the fracture toughness of HY180 steel and AF1410 steel for all three microstructures evaluated for these steels.
Students
This work was primarily that of Dr. 
Patents
A patent was applied for on gettering sulfur as Ti 2 CS prior to this three year period of work. However, the patent was awarded in March of 1992 with J. Maloney, J.
Bray and W. Garrison as co-investigators.
Commercial Development
A specialty steel company is interested in pursuing commercial application of gettering sulfur as Ti2CS in four grades of ultra high strength steels which they produce. HI and H2 contain MnS "• austenitize at low temperature to get fine grain size and small X0 "* to get large grain size and small particle spacing, austenitize at high temperature to establish grain size and then quench to 790 0 C to reprecipitate MnS which dissolved at initial temperature, and then hold for 15 hrs and then quench to room temperature.
H3 contains La2O2S
"* austenitize at low temperature to get fine grain size and large X 0 .
"* can get large grain size at large X 0 by simply austenitizing at high temperature because La2O2S particles do not dissolve at high temperatures. 
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Tempered (510-C) 0~ field, (b) [0001] HCP 3 zone axis SAD pattern, and (c) EDS spectrum of particle.
